Four medium-and six strong-wool Merino sheep were exposed to continuous simulated rain (4'5 mm/h) for periods ranging from 3 to 9 days. In response, the sheep developed characteristics typical of fleece-rot lesions such as exudative encrustation' and bacterial discoloration of the fleece. Skin samples were taken periodically for histological examination from the trunk region of the sheep prior to, during, and after wetting.
Introduction
It has been known for many years (Seddon 1931 ) that fleece-rot in Merino sheep is the main predisposing cause of body strike which in wet years is a costly problem of the sheep industry.
Most studies of fleece-rot in sheep have been concerned with macroscopic observations on the discoloration and matting of the fleeces (e.g. Seddon 1931; Hayman 1953) , while few have included microscopic observations on the skin of affected sheep (Hayman 1953; Nay and Watts 1977; Watts and Merritt 1981) . These latter studies have been confined to skin samples taken after at least 8 days of wetting, and consequently do not provide information on earlier changes in the skin in response to wetting.
Hence, the aim of the present paper is to study histologically the changes in the structure of the skin of Merino sheep during the development of, and recovery from, experimentally induced fleece-rot with particular attention being given to changes occurring during the first few days of skin wetting. In addition, early changes in vascular permeability of the skin have been examined by intravenous injection of Pontamine Blue dye, which along with other vital stains has been used in studies of inflammation in various species (Florey 1964) , induding sheep (Lancaster and Vegad 1967) .
Materials and Methods
Six strong-wool Merino ewes (four adults and two lambs 6 months old) were exposed to continuous artificial rain (4, 5 mm/h) for 9 days (see Fig. 1 ). They were housed in a barn, fed ad libitum on a diet of 1: 1 oats and pellets (60 % lucerne, 40 % oats) and weighed daily. The adult sheep had 10 months' growth of wool and the lambs were unshorn.
Variation in the time taken for water to penetrate the fleece and wet the skin was eliminated by manually soaking the sheep in a bath containing about 5 Iitres (lambs) or 15 Iitres (adult sheep) of water, thereby fully saturating their fleeces prior to exposing them to artificial rain. A garden sprinkler (Gardena superpolo) fitted with 20-gauge hypodermic needles in place of the normal nozzles and mounted about 2 m above the sheep was set up to deliver a fine spray of town water evenly over the sheep enclosure. Rain gauges were located at different sites in the enclosure to record 'rainfall' .
;: 40
• ......
..-----.. Four additional adult medium-Peppin Merino ewes were given similar treatments except that they were exposed to shorter periods of wetting (3-3t days) in an outdoor enclosure and were not initially soaked in water. Albym-Test strips (Boehringer Mannheim GmbH, Germany) were used to test for the presence of albumin on the skin surface prior to skin sampling, as an indicator of the presence of serous exudate. Gurr's Pontamine Sky Blue 6BX dye (5 % in O' 9 % w/v saline, Searle Diagnostics, England) was injected intravenously into the sheep at the rate of 25 mg/kg liveweight 4 h after initial wetting to identify regions of increased vascular permeability in the skin which were dyed blue (Lancaster and Vegad 1967) .
Skin samples (1 cm diameter) were taken from the lateral trunk region of the sheep prior to and at various intervals (see Fig. 1 ) during wetting, commencing in areas dyed blue after 6 h of wetting. Subsequent samples were taken from areas with macroscopically observable changes and samples were also taken after wetting ceased. Skin sampling was carried out in a ventrodorsal order to avoid the possibility of substances from previously sampled sites washing downwards on to regions subsequently sampled. Skin samples were fixed in Serra's fixative for 4-5 h, processed for paraffin embedding, and serially sectioned at 8 .urn thickness vertical to the skin surface. The sections were stained with haematoxylin, eosin and picric acid (HEP) and examined with the light microscope.
Measurements of interfollicular epidermal thickness were obtained from vertical sections using a microprojector at x 400. Six regions of epidermis, each 0·5 mm long, were traced on cards of uniform thickness. These tracings were cut out and weighed and the mean epidermal thickness was obtained from a graph relating weight of tracing to mean epidermal thickness. The percentage of abnormal follicles in the skin was estimated from counts of follicle bulbs in the vertical sections.
Results

Macroscopic Observations
After 6 h of wetting, the skin of sheep injected with Pontamine Blue dye 2 h previously had a patchy blue discoloration ( Fig. 2) indicating areas of increased vascular permeability within the skin. Subsequently, with continued wetting, the skin and fleece gradually developed the gross features of fleece-rot. Serous exudate first appeared in small spots on the skin surface on the third day of wetting and increased in extent until wetting ceased. The exudate had a pale yellow, waxy appearance during wetting but afterwards it appeared as an encrusted stained band at the base of the fleeces. Tests for the presence of albumin (serum protein) on the skin surface with the Albym-Test strips indicated that small amounts of serous exudate which gave a reading of c. 15 mg of albumin per decilitre of moisture on the skin surface were present after 1 day of wetting and that this amount increased to c. 500 mg/dl towards the end of the wetting period. Discoloration of the fleece was first observed as a green band at the base of the fleeces in the two weaner lambs after 4 days of wetting and in the adult sheep after 7-9 days of wetting. Brown pigment also developed after 7 days of wetting and pink pigment 2 days after wetting had ceased. At 13 days after cessation of wetting, the fleeces of all sheep exhibited a white band of normal-looking wool (2-3 mm wide) below the discolored band (Fig. 3) .
Changes in Skin Structure
Dermal inflammatory response
Inflammatory regions were absent from control skin (Fig. 4) sampled 3 days prior to commencement of wetting except for one adult sheep in which one small region of inflammation was observed. An inflammatory response to wetting was first observed in the connective tissue surrounding the blood vessels in the dermis between the level of the sebaceous glands and the epidermis after 6 h of wetting. At this time the inflammatory regions were small (Fig. 5 ) and irregularly distributed, one or two regions being observed in each vertical skin section 7-8 mm long. In the lambs the inflammatory infiltrate consisted of mainly polymorphonuclear leucocytes during the first 2-3 days of wetting (Fig. 6 ) after which mononuclear cells predominated. However, the latter type (Fig. 5 ) predominated in the adult sheep throughout the wetting period. The infiltrating cells were confined to the upper regions of the dermis except for one of the lambs in which polymorphonuclear infiltration occurred throughout the dermis.
The incidence and extent of the inflammatory regions increased during wetting and decreased following its cessation. However, a few small regions remained in two of the adult sheep 13 days after wetting ceased. No changes in the thickness of the dermis were noted.
Thickening response of epidermis
The epidermis in control samples consisted of one to three layers of nucleated (non-cornified) cells beneath a very thin layer of cornified cells (Fig. 4) and ranged in thickness from c. 13 to l7.um (Fig. 1) . The thickness of the epidermis increased many fold during wetting, reaching a maximum after 9 days (Fig. 1) but gradually decreased after cessation of wetting. It had returned to near normal thickness by 13 days after wetting ceased. The thickening response in the epidermis proceeded in a sporadic or non-uniform manner and was associated with a corresponding increase in the thickness of the hair canal walls of some follicles. The initial increase in epidermal thickness during the first 4 days of wetting resulted from an increase in the thickness of the nucleated cell layer (acanthosis) (Fig. 6) caused by a proliferative response in the cells of the basal layer. There was very little change in the thickness of the cornified layer during this phase (Figs 1 and 6 ). The granular layer, which was normally discontinuous and located mainly around follicle openings, became continuous in moderately and greatly thickened epidermis (>20,um) (Figs 6 and 7) . During the last few days of wetting the cornified layer rapidly increased in thickness (hyperkeratosis) and in some samples approached the thickness of the non-cornified, nucleated layer (Fig. 7) . The changes in the thickness of the cornified layer of the epidermis in the lambs paralleled those in the adult sheep (Fig. 1) . However, the thickening response of the nucleated cell layer in the lambs appeared to differ from that in the adult sheep. The thickness of this layer reached a maximum after 4 days of wetting in the lambs whereas the maximum in the adult sheep was not reached until the ninth day of wetting (Fig. 1) .
Invasion of epidermis by inflammatory cells
Cells of the inflammatory infiltrate were first observed invading small regions of the epidermis after 6 h of wetting (Fig. 5) in two of the adult sheep. The frequency and size of these regions increased during wetting but they were always unevenly distributed throughout the epidermis. Epidermal infiltration was absent in control samples and in all the samples taken after the cessation of wetting except those taken from one of the adult sheep. The regions of epidermal infiltration were always adjacent to inflammatory regions in the dermis.
The invasive cells, which were mainly mononuclear with fewer polymorphonuclear cells, were confined to the basal (Fig. 5 ) and spinous layers (Fig. 8 ) of the epidermis of most of the samples examined although some were observed close to the skin surface in a few samples. During the later stages of wetting and after its cessation some intra-epidermal micro-abscesses developed.
The thickened regenerating epidermis had a parakeratotic stratum corneum beneath these micro-abscesses (Fig. 9) prior to the subsequent sloughing of this necrotic tissue.
Lysis of follicle cells
Small proportions of the wool follicles (1-13%, mean 4%) in all.of the sheep developed an abnormality in response to wetting. Stages in the development of this abnormality were observed throughout and after the period of wetting. Early stages were first observed after 6 h of wetting in one adult sheep and subsequently in the rest of the sheep, whereas late stages were only observed 13 days after wetting ceased.
The first noticeable changes in these abnormal follicles occurred in the bulb cells capping the dermal papilla. These cells had pyknotic nuclei and were partially vacuolated (Fig. 10) . These changes subsequently spread into adjacent bulb cells (Fig. 11) and resulted in the partial or complete lysis (Fig. 12 ) of the cells which were destined to become fibre. The boundary between lysed and unaffected cells in the lower part of the bulbs (Figs 12 and 13 ) corresponded to the junction of the presumptive fibre and inner root sheath cells. No abnormal features were observed in the dermal papilla of these follicles and their basal laminae always remained intact (Figs 10-13) . Lysis of cells in the suprabulbar regions of these follicles therefore interrupted keratinization of the fibre cells even though mitosis continued in the lower parts of the bulbs (Fig. 13) and there was no interruption to the outward progression of the inner and outer root sheaths (Fig. 14) compared with normal follicles (Fig. 15) .
In the more advanced stages of this abnormality the walls of these follicles collapsed somewhat and either contained strands or remnants of unkeratinized or partially keratinized fibre cortical cells (Fig. 14) or were devoid of fibre cells. The outer root sheaths of these follicles had an otherwise normal appearance. However, in contrast to normal follicles the inner root sheaths failed to slough into the hair canals near the level of the sebaceous glands, but continued instead to progress outwards towards the skin surface. The inner root sheaths and whatever fibre remnants remained in some of these follicles became doubled over and bent backwards (Fig. 16) , while in others the hair canals at the epidermal level were occluded by inner root sheath cells· and meagre remnants of fibre cells. These occluded canals or follicle 'plugs' which protruded from the skin surface (Fig. 17) were only observed in samples taken 13 days after cessation of wetting.
All of the abnormal follicles examined appeared to be secondary follicles; no such follicles were observed in any of the control samples taken 3 days prior to wetting.
Discussion
The present study has shown that the skin of Merino sheep responds rapidly to wetting. The patchy discoloration following intravenous injection of Pontamine Blue indicated increased vascular permeability within the skin after only 6 h of wetting and this was associated with the presence of inflammatory regions observed microscopically in the upper dermis of the skin samples taken at the same time. Furthermore, the invasion of the epidermis by inflammatory cells and the lysis of follicle cells were first evident in some of the sheep at this time. These skin responses by the sheep to wetting are the earliest and most rapid so far described.
Exudation of serous fluid on to the skin surface is a recognized characteristic of fleece-rot lesions. Nay and Watts (1977) reported that serous exudate flowed freely on to the surface of the skin when follicle 'plugs' emerged from collapsed hair canals after 8 days of wetting. Evidence of the passage of this exudate via such damaged follicles has been observed by Watts and Merritt (1981) using injections of radiolabelled albumin. However, they made no mention of the duration of wetting prior to skin sampling. During the present experiment the Albym-Test for identification of albumin indicated that small amounts of serous exudate were present on the skin surface after only 24 h of wetting when follicle 'plugs' had not yet formed. The mechanism of exudation at this time is unknown although passage through the epidermis should not be discounted.
Epidermal thickening, which occurred in response to skin wetting, has been previously reported in skin from fleece-rot lesions (Hayman 1953) ; however, the early invasion of the epidermis by inflammatory cells has not been previously described. The identity of these invasive cells is as yet uncertain. Epidermal thickening, serous exudation and fleece discoloration are consequences of the initial dermal inflammatory response and of the continuation of this response during prolonged wetting.
The interruption of fibre keratinization and the impairment of inner root sheath sloughing observed in the present experiments have also been described previously and referred to as follicle 'plugs' (Nay and Watts 1977; Watts and Merritt 1981 ). The present study has shown that the interruption of fibre keratinization occurs as a direct consequence of lysis of fibre cells in the supra bulbar regions of these follicles, reported here for the first time. The impairment of inner root sheath sloughing appears to be a consequence of disturbed function of outer root sheath cells even though they maintained a normal appearance. Nay and Watts (1977) described some of these abnormal follicles as 'actively growing plugs', presumably suggesting an outward movement of their root sheaths. From the present study it would appear that this continued outward movement in otherwise pathologic follicles resulted from continued mitotic activity in the lower regions of their bulbs below the region of lysis and subsequent cell migration. Further ultrastructural studies of the cellular events leading to lysis may determine the process by which these follicles become abnormal.
The largest proportion of abnormal follicles ('plugs') found in skin from fleece-rot lesions by Nay and Watts (1977) was 2· 5%, but was usually less than 1 . 5%. Merritt and Watts (1978) , in referring to these findings, suggested that 'large numbers' of these follicles were formed. The present report is in agreement with Nay and Watts (1977) in that only small proportions of the follicle population showed abnormalities. Hayman (1953) described the histopathology of fleece-rot lesions as a superficial dermatitis, and no involvement of the wool follicles was reported in his study. The present findings indicate that fleece-rot lesions occur as a consequence of an initial dermal-epidermal inflammatory response to skin wetting within 24 h, giving rise to epidermal invasion by inflammatory cells, follicle cell lysis and epidermal acanthosis and hyperkeratosis as well as the macroscopic characteristics of exudative encrustation and bacterial coloration of the fleece. The cause of the initial inflammatory response, other than hydration, is unknown. It has been shown (Merritt and Watts 1978) , however, that a vast increase in the bacterial population, mainly of Pseudomonas aeruginosa, occurs on the skin surface of sheep within 24 h of artificial wetting. It has therefore been suggested that this bacterium is largely responsible for the concurrent inflammatory response (Burrell et al.1982) . However, more detailed information is needed to show how external agents (antigens), possibly derived from P. aeruginosa, are able to induce the initial inflammatory response. A better understanding of this process would be obtained by the use of electron microscopic and histochemical techniques to identify the invasive inflammatory cells and their relationship to resident immunoreactive cells (Langerhans cells). Such knowledge would assist any future attempt to prevent or control fleece-rot and subsequent body strike.
